Atomic Compton profiles ͑CPs͒ are a very important property which provide us information about the momentum distribution of atomic electrons. Therefore, for CPs of heavy atoms, relativistic effects are expected to be important, warranting a relativistic treatment of the problem. In this paper, we present an efficient approach aimed at ab initio calculations of atomic CPs within a Dirac-Hartree-Fock ͑DHF͒ formalism, employing kinetically balanced Gaussian basis functions. The approach is used to compute the CPs of noble gases ranging from He to Rn, and the results have been compared to the experimental and other theoretical data, wherever possible. The influence of the quality of the basis set on the calculated CPs has also been systematically investigated.
I. INTRODUCTION
Recent years have seen tremendous amount of progress in the field of relativistic electronic structure calculations of atoms and molecules using Dirac-equation-based approaches ͓1͔. Particularly noteworthy are the advances made in the field of basis-set-based relativistic electronic-structure theory pioneered by Kim ͓2͔ and Kagawa ͓3͔ . Although, initially, the basis sets employed in the calculations were of the ordinary Slater-type ͓2,3͔, however, nowadays, the preferred basis functions are those which incorporate the so-called kinetic-balance condition between the large and the small component basis functions ͓4-6͔. The most commonly used variety of such functions in relativistic electronic-structure calculations are the kinetically balanced Gaussian functions ͑KBGFs͒ which have not only been instrumental in avoiding the problem of "variational collapse," but have also allowed the import of efficient algorithms developed in basis-setbased nonrelativistic quantum chemistry. Using such basis functions, calculations are now routinely performed both at the mean-field Hartree-Fock ͓henceforth Dirac-Hartree-Fock ͑DHF͔͒ level ͓7,8͔, as well as at the correlated level, employing methods such as the configuration-interaction ͑CI͒ approach, both for atoms ͓9͔ and molecules ͓10͔.
However, the progress in calculating wave functions and atomic energies using KGBFs has not been matched by the progress in computing expectation values corresponding to various physical quantities. For example, atomic Compton profiles ͑CPs͒ are a very important property which provide us information about the momentum distribution of atomic electrons, and help us in interpreting the x-ray Compton scattering data from atoms in the large momentum-transfer regime ͓11͔. Compton profiles are also very useful in understanding the bonding properties, as one makes a transition from the atomic scale to the scale of condensed matter ͓11͔. Indeed, the nonrelativistic Schrödinger equation-based calculations of CPs of atomic and molecular systems both within an ab initio, as well as model-potential based formalisms are quite well developed ͓11͔. As recently demonstrated by us, and several other authors earlier on, such nonrelativistic ab initio calculations of CPs can also be performed on crystalline systems ͓12͔. However, for systems involving heavy atoms, on intuitive grounds one expects that the relativistic effects will become quite important, thereby requiring a relativistic treatment of the problem ͓13͔. A while back Mendelsohn et al. ͓14͔ and Bigss et al. ͓15͔ presented the first fully relativistic calculations of atomic CPs which were performed at the DHF level, employing a finite-difference-based numerical approach. Yet, since that time, there has been hardly any activity in the field, which is surprising given the fact that now relativistic electronic-structure calculations are routinely performed employing KBGF basis functions. Therefore, in this work, our aim is to report calculations of atomic CPs at the DHF level, employing a basis set composed of KBGFs. Our approach is based upon analytic formulas for the CP matrix elements with respect to a KBGF basis set, whose derivation is presented in the Appendix. The DHF calculations of atomic CPs are presented for the entire rare gas series ͑He to Rn͒, and our results are compared to experimental data, wherever available. Additionally, our results for Ar, Kr, Xe, and Rn are also compared to the DHF results of Mendelsohn et al. ͓14͔ and Bigss et al. ͓15͔ , and excellent agreement is obtained between the two sets of calculations.
At this point we would like to clarify one important aspect related to the relativistic effects which our calculations are computing, in light of the fact that there have been several papers in the literature dealing with a relativistic treatment of Compton scattering of bound electrons ͓16-18͔. Several authors have pointed out that for very large photon energies, a fully relativistic treatment, within the framework of quantum electrodynamics, of the Compton scattering from bound electrons is essential ͓13͔. When such a treatment of the problem is performed, it is not clear whether the Compton scattering cross sections can be written in terms of Compton profiles ͓13,16-18͔. Our work presented here, however, does not correspond to that regime of photon energies. What we mean by the relativistic effects here are the changes in the computed CPs because of a relativistic treatment of the bound electrons within a Dirac-Hamiltonian-based formalism. Thus, our calculations assume that the Compton scattering from atomic electrons can be described in terms of the CPs under the impulse approximation ͓19͔. The electron mo-*Electronic address: shukla@phy.iitb.ac.in mentum densities needed to calculate the CPs, however, are computed from the Dirac orbitals of the atomic electrons. This approach is identical to the one adopted in the earlier DHF calculations ͓14,15͔.
The remainder of this paper is organized as follows. In Sec. II we present the basic theoretical formalism behind the present set of calculations. Next, in Sec. III we present and discuss the results of our calculations. Finally, in Sec. IV our conclusions, as well as possible future directions for further work are discussed. Additionally, in the Appendix we present the derivation of the closed-form formulas for CPs over KBGFs used in our calculations.
II. THEORY
Our theory is based upon the Dirac-Coulomb Hamiltonian
where c is the speed of light, p is the momentum operator, V nuc ͑r͒ is the electron-nucleus interaction potential, indices i and j label the electrons of the atom, and r ij is the distance between the ith and jth electrons. For V nuc ͑r͒ a spherical finite-nucleus approximation is employed, with the radius estimated as 2. 
where P n ͑r͒ and Q n ͑r͒ are the radial large and small components, and m ͑ , ͒ is the two-component angular part composed of Clebsch-Gordon coefficients and spherical harmonics. In the basis-set approach adopted here, the radial parts of the wave function are expressed as linear combination of radial Gaussian type of functions
and
where C i L and C i S , are the expansion coefficients of the large and small component basis functions, respectively. The large-component basis function is given by
while the small-component basis function is obtained by the kinetic-balancing condition ͓6͔
Above n is the principal quantum number associated with a symmetry species ͑n =1,2,2,3,3,..., for symmetry species Under the impulse approximation ͓19͔, the differential cross section of Compton scattering of x rays from manyelectron systems is proportional to the Compton profile J͑q͒ = ͵ ͵ dp x dp y ͑p͒,
͑5͒
where ͑p͒ is the momentum distribution of the electrons before scattering and q is the component of the momentum of the electron along the scattering vector, assumed to be along the z direction. Under the mean-field DHF approximation, for a closed-shell atom, the expression for the CP reduces to
where j i is the total angular momentum of the ith orbital while J n i i is the CP associated with it;
where P n i i ͑p͒ and Q n i i ͑p͒ are the Fourier transforms of the radial parts of the large and small components, respectively, of the ith occupied orbital ͓cf. Eq. ͑2͔͒ and are defined as
where j l A ͑pr͒(j l B ͑pr͒) is the spherical Bessel function corresponding to the orbital angular momentum l A ͑l B ͒ of the large ͑small͒ component. Therefore, calculation of atomic CPs involves computation of two types of integrals: ͑i͒ radial Fourier transforms of Eqs. ͑8͒ and ͑9͒, and ͑ii͒ momentum integrals of the Fourier transformed orbitals in Eq. ͑7͒. When one solves the DHF equation for atoms using the finitedifference techniques, then, obviously the calculation of atomic CPs mandates that both these types of integrals be computed by means of numerical quadrature. However, for the basis-set-based approach adopted here, in order to facilitate rapid computation of atomic CPs, it is desirable to obtain closed-form expressions for both types of integrals with respect to the chosen basis functions. Indeed, we have managed to derive closed-form expressions for the atomic CPs with respect to the KBGFs, which can be easily computer implemented. It is easy to see that within a KBGF-based approach, the integral of Eq. ͑7͒ can be computed in terms of the following two types of integrals: However, in relativistic calculations, each such orbital splits into two fine-structure components, i.e., np 1/2 / np 3/2 , nd 3/2 / nd 5/2 , which, if the relativistic effects are strong, can differ from each other in a significant manner. Thus, one expects, that under such situations, the orbital profiles of the two fine-structure components will also be significantly different. Therefore, we will also examine this "fine-structure splitting" of the orbital CPs of various atoms to quantify the relativistic effects.
III. CALCULATIONS AND RESULTS
In this section we present our DHF results on the atomic profiles of the rare gases. The DHF orbitals of various atoms were computed using the KBGF-based REATOM code of Mohanty and Clementi ͓21͔. During the DHF calculations the value of the speed of light used was c = 137.037 a.u. Additionally, for obtaining the radius of the nucleus for the finitenucleus approximation description of V nuc ͑r͒, values of atomic mass A were taken to be 4. 026, 20.18, 39.948, 83.80, 131.3, and 222 .0 for He, Ne, Ar, Kr, Xe, and Rn, respectively. Using the orbitals obtained from the DHF calculations, the atomic CPs were computed using our computer program COMPTON ͓20͔. Next we present our results for the rare gas atoms, one by one. In order to investigate the basisset dependence of the CPs, for each atom, two types of basis sets were used: ͑i͒ a large universal basis set proposed by Malli et al. ͓22͔ and ͑ii͒ a smaller basis set tailor made for the individual atom.
A. He
For He, DHF calculations were performed with ͑i͒ welltempered basis set of Matsuoka and Huzinaga ͓23͔ employing 12s functions ͓23͔ and ͑ii͒ the universal basis set using 22s functions ͓22͔. The computed CPs are plotted in Fig. 1 emerge: ͑i͒ Our relativistic CPs computed with the welltempered and the universal basis sets are in excellent agreement with each other. This implies that the smaller welltempered basis set is virtually complete, as far as the CPs are concerned. ͑ii͒ Our DHF CPs are in excellent agreement with the nonrelativistic HF CPs of Clementi and Roetti ͓24͔. This, obviously, is a consequence of the fact that the relativistic effects are negligible for a light atom such as He. ͑iii͒ Generally, the agreement between the theoretical and the experimental CPs is excellent, implying that the electroncorrelation effects do not make a significant contribution in this case.
B. Ne
DHF calculations were performed for Ne using ͑i͒ ͑14s ,14p͒ well-tempered basis set of Matsuoka and Huzinaga ͓23͔ and ͑ii͒ the large ͑32s ,29p͒ universal basis set of Malli et al. ͓22͔ . In order to facilitate direct comparison with the experiments, the valence CPs ͑excluding the contribution from the 1s core orbital͒ obtained from our calculations are presented in Table II . They are also compared to the nonrelativistic HF results of Clementi and Roetti ͓24͔, the classic experiment of Eisenberger ͓26͔, and more recent experiment of Lahmam-Bennani et al. ͓27͔ . Additionally, the total Compton profiles of Ne ͑including the contribution of the 1s orbital͒, computed using both the aforesaid basis sets, are plotted in Fig. 2 .
Upon inspecting Table II we notice the following trends: ͑i͒ profiles computed using two different sets are again in very good agreement with each other, implying that both the basis sets are essentially complete and ͑ii͒ our relativistic profiles are in quite good agreement with the nonrelativistic HF profiles ͓24͔, essentially implying that even in Ne, the relativistic effects are quite negligible. As far as comparison with the experiments is concerned, for smaller values of q there is slight disagreement with the theory which progressively disappears as one approaches the large momentumtransfer regime. This suggests that electron-correlation effects possibly play an important role in the small momentum transfer regime.
Finally we examine the individual orbital CPs of the Ne atom in Fig. 3 . The maximum contribution to the total CP for small values of momentum transfer comes from the 2s orbital, while in the same region, the smallest contribution comes from the 1s core orbital. The orbital CP of the 2s orbital varies rapidly with respect to q and becomes quite small for q ജ 2 a.u. On the other hand, the orbital profile of the 1s orbital shows the least dispersion with respect to q, and has the largest magnitude in the large q region, as compared to other orbital profiles. The behavior of the 2p 1/2 /2p 3/2 orbital profiles is intermediate as compared to the two extremes of 1s and 2s profiles. These profiles have lesser magnitude compared to the 2s profile for q Ϸ 0, while they vary more rapidly with respect to q, when compared to the 1s profile. Another pointer to the insignificance of the relativistic effects for Ne is the fact that the difference in the values of the 2p 1/2 and 2p 3/2 is quite small for all values of q.
C. Ar
Next, we discuss our calculated Compton profiles of Ar. The DHF calculations on Ar atom were performed using the following two basis sets: ͑i͒ smaller ͑16s ,16p͒ welltempered basis set of Matsuoka and Huzinaga ͓23͔, and the ͑ii͒ large ͑32s ,29p͒ universal basis set of Malli et al. ͓22͔ . Calculated total CPs of Ar, for a selected number of q values in the range 0 a.u.ഛ q ഛ 15 a.u., are presented in Table III Mendelsohn et al. ͓14͔ . Therefore, it is indeed heartening for us to note that our CP results computed with the universal basis set ͓22͔ are in perfect agreement with those of Mendelsohn et al. ͓14͔ to the decimal places, and for the q points, reported by them. As a matter of fact, even our CPs obtained using the smaller well-tempered basis set ͓23͔ disagree with those of Mendelsohn et al. ͓14͔ by very small amounts. Thus, this gives us confidence about the essential correctness of our approach.
When compared to the experiments, for q = 0, our value of CP of 5.054 computed with universal basis set, is in excellent agreement with the experimental value of 5.058 ͓25͔. For 0.1 a.u.ഛ q ഛ 0.8 a.u., our results begin to overestimate the experimental ones slightly. For q ജ 0.9 a.u., however, our theoretical results underestimate the experimental results by small amounts. The nonrelativistic HF results ͓24͔ also exhibit the same pattern with respect to the experimental results. Upon comparing our CPs to the nonrelativistic HF CPs ͓24͔, we notice that the two sets of values differ slightly for smaller values of q. However, the difference between the two begins to become insignificant as we approach larger values of q, suggesting that the relativistic effects will be most prominent for q Ϸ 0.
Finally we examine the contributions of the individual orbitals to the atomic CP in Fig. 5 , which presents the orbital profiles of all the orbitals of Ar. We observe the following trends: ͑i͒ 3s profile has the maximum value at q = 0, followed by 3p 3/2 /3p 1/2 profiles. The minimum value at q =0 corresponds to the 1s profile. ͑ii͒ Profiles of outer orbitals vary more rapidly with q, as compared to the inner ones. In other words, profile flattening occurs as one moves inwards from the valence to the core orbitals. ͑iii͒ Again no significant fine-structure splitting is observed, in that the profiles of np 3/2 and np 1/2 orbitals differed from each other by small amounts, pointing to the smallness of relativistic effects.
D. Kr
Now, we discuss our DHF results of Compton profile of Kr. The DHF calculations on Kr atom were performed using the following two basis sets: ͑i͒ the smaller ͑20s ,15p ,9d͒ basis set of Koga et al. ͓28͔ and ͑ii͒ the large ͑32s ,29p ,20d͒ universal basis set of Malli et al. ͓22͔ . Calculated total CPs Table IV it is obvious that, for the all the q values for which Mendelsohn et al. ͓14͔ reported their CPs, our profiles obtained using the universal basis set ͓22͔ are in exact agreement with their results. As a matter of fact, the agreement between the results of Mendelsohn et al. ͓14͔ and our results computed using the smaller basis set of Koga et al. ͓28͔ is also excellent.
Upon comparing our results to experimental ones, we see that our universal basis set value of J͑q =0͒ = 7.187 is in excellent agreement with the experimental value of 7.205 ͓25͔.
For other values of momentum transfer in the range 0.1 a.u.ഛ q ഛ 1.0 a.u., although the agreement between our results and the experiments is slightly worse, our results are closer to the experimental value as compared to the nonrelativistic HF results ͓24͔. For higher values of momentum transfer, our DHF results are fairly close to the HF results, suggesting that in the region of large q, relativistic effects are unimportant. Thus, we conclude that from Kr onwards, rela- In the decreasing order of the value of J orb ͑q =0͒, the profiles correspond to 3s, 3p 3/2 /3p 1/2 , 2s, 2p 3/2 /2p 1/2 , and 1s orbitals. Note that for all the cases, profiles of p 3/2 and p 1/2 orbitals are virtually identical. These profiles were computed using the universal basis set ͓22͔. tivistic effects make their presence felt in the small q region. Finally, we investigate the orbital CPs of Kr in Fig. 7 , which presents the plots of the profiles of outer orbitals starting from 3d 3/2 to 4p 3/2 . As far as the general trends of the orbital profiles are concerned, they are similar to what we observed for the cases of Ne and Ar, except for one important aspect. Unlike the Ne and Ar, for Kr we begin to observe the fine-structure splitting in the orbital profiles of 4p 3/2 and 4p 1/2 orbitals in the low q region, as is obvious from Fig. 7 . For example, for q = 0, corresponding values are J 4p 3/2 = 0.508 and J 4p 1/2 = 0.496, amounting to a difference of Ϸ2%. This is in complete agreement with our earlier observation that the relativistic effects make significant contributions to the CPs of Kr in the small q region.
E. Xe
In this section, we discuss our results on the relativistic Compton profiles of Xe. The DHF calculations on Xe atom were performed using the following two basis sets: ͑i͒ the smaller ͑22s ,18p ,12d͒ basis set of Koga et al. ͓28͔ and ͑ii͒ the large ͑32s ,29p ,20d͒ universal basis set of Malli et al. ͓22͔ . Total CPs of Xe, for selected values of momentum transfer in the range 0 a.u.ഛ q ഛ 100 a.u., are presented in Table V . For the sake of comparison, the same table also contains DHF and the nonrelativistic HF profiles calculated by Mendelsohn et al. ͓14͔ . Here, we are unable to compare our results with the experiments because, to the best of our knowledge, no experimental measurements of the CPs of Xe exist.
Additionally, in Figs. 8 and 9, respectively, we present the plots of our total and orbital CPs of Xe. Upon comparing our total CPs obtained using the two basis sets we find that, as before, they disagree for smaller values of q, with the CPs obtained using the smaller basis set ͓28͔ being slightly lower than those obtained using the universal basis set ͓22͔. As is obvious from Table V , that for q ജ 1.5 a.u., the two sets of basis functions yield virtually identical results. In the same Orbital Compton profiles of Kr for 4s, 4p 3/2 , 4p 1/2 , 3s, 3p 3/2 /3p 1/2 , and 3d 5/2 /3d 3/2 orbitals in the order of decreasing values at q = 0. For small q values, the differences between the 4p 3/2 and 4p 1/2 profiles are visible. These profiles were computed using the universal basis set ͓22͔. Finally, upon examining the orbital profiles presented in Fig. 9 , we observe further evidence of the importance of relativistic effects in Xe. As is obvious from the figure, the fine-structure splitting between the orbitals profiles of 5p 3/2 and 5p 1/2 orbitals is larger as compared to 4p 3/2 /4p 1/2 splitting in Kr, and persists for a longer range of q values. For smaller values of q, J 5p 3/2 ͑q͒ Ͼ J 5p 1/2 ͑q͒, while for large q values, the opposite is the case. For q =0, J 5p 3/2 = 0.592, while J 5p 1/2 = 0.562, which amounts to a difference of Ϸ5%.
F. Rn
As far as atomic Rn is concerned, to the best of our knowledge, no prior experimental studies of its Compton profiles exist. However, Biggs et al. ͓15͔ did perform DHF calculations of this atom, using a finite difference approach, with which we compare our results later on in this section. Our DHF calculations on Rn atom were performed using the following two basis sets: ͑i͒ the smaller ͑25s ,21p ,15d ,10f͒ basis set of Koga et al. ͓29͔ and ͑ii͒ the large ͑32s ,29p ,20d ,15f͒ universal basis set of Malli et al. ͓22͔ . Total CPs of Rn, for selected values of momentum transfer in the range 0 a.u.ഛ q ഛ 100 a.u., are presented in Table VI. Our results for total and orbital CPs of Rn are plotted in Figs. 10 and 11, respectively. As for other atoms, we find that our total CPs obtained using the two basis sets disagree for smaller values of q, with the CPs obtained using the smaller basis set of Koga et al. ͓29͔ being slightly smaller than those obtained using the universal basis set ͓22͔. From Table VI we deduce that for q ജ 4.0 a.u., the two sets of basis functions yield virtually identical values of CPs. In the same table, when we compare our results to the earlier DHF calculations of Biggs et al. ͓15͔ , we find that for all the q values, the agreement between our universal basis-set-based CPs and their results is perfect up to the decimal places reported by them.
Of all the rare gas atoms considered so far, on the intuitive grounds we expect the relativistic effects to be the strongest in Rn. Indeed, this is what we confirm upon investigating the orbital profiles presented in Fig. 11 . As is obvious from the figure, the splitting between the orbitals profiles of 6p 3/2 and 6p 1/2 orbitals is quite big, and persists for a large range of q values. Similar to the case of Xe, here also for smaller values of q, J 6p 3/2 ͑q͒ Ͼ J 6p 1/2 ͑q͒, while for large q values, opposite is the case. For q =0, J 6p 3/2 = 0.644, while J 6p 1/2 = 0.551, amounting to a difference of Ϸ15%, which is quite substantial. The Orbital Compton profiles of Xe for 5s, 5p 3/2 , 5p 1/2 , and 4d 5/2 /4d 3/2 orbitals in the order of decreasing values at q = 0. For small q values, the differences between the 5p 3/2 and 5p 1/2 profiles are quite significant. These profiles were computed using the universal basis set ͓22͔. Our DHF results computed using the universal basis set ͓22͔. fine-structure splitting between the profiles of 5d 5/2 and 5d 3/2 orbitals although is not quite that large, yet it is visible in Fig. 11 . At q =0, J 5d 5/2 = 0.185 and J 5d 3/2 = 0.179, leading to a difference of Ϸ3%, which is quite significant for an inner orbital. Thus, we conclude that the relativistic effects are quite substantial in case of Rn, and, therefore, it will be useful if experiments are performed on this system to ascertain this.
G. Z dependence of relativistic effects on Compton profiles
In earlier sections, while discussing relativistic effects on Compton profiles, we noticed that they were most prominent for small momentum transfers. Moreover, one intuitively expects the relativistic effects to increase with increasing atomic number Z. In this section our aim is to perform a quantitative investigation of relativistic effects on quantum profiles, as a function of Z, for both large and small values of momentum transfer. We noticed that for small momentum transfers, DHF values of J were smaller than their nonrelativistic counterparts, while for large momentum transfer opposite was the case. Therefore, for a given value of momentum transfer q, we quantify relativistic effects in terms of ͉J͑DHF͒ − J͑HF͉͒, which is the magnitude of the difference of relativistic DHF value of the Compton profile (J͑DHF͒), and the nonrelativistic HF value of the profile (J͑HF͒). We obtain J͑HF͒ by using a large value of the velocity of light ͑c =10 4 a.u.͒ in the DHF calculations. We explore the dependence of this quantity on Z, for two values of momentum transfer, q = 0 and q = Z a.u., where the latter value clearly belongs to the large momentum transfer regime. The values of ln͉J͑DHF͒ − J͑HF͉͒ as a function of ln Z, are presented in Fig. 12 for both these values of momentum transfer. From the figure it obvious that, to a very good approximation, the corresponding curves are straight lines, suggesting a powerlaw dependence of the relativistic effects on Z. The slopes of the least-square-fit line for q = 0 is 2.36 while for q = Z, the slope is 1.35. Of course, these results are based upon data points generated by six values of Z ͑rare gas series͒, and consequently can only be treated as suggestive. But the results suggest ͑i͒ super-linear dependence of the relativistic effect on quantum profiles in both momentum transfer regimes, and ͑ii͒ stronger influence of relativity in the small momentum transfer regime as compared to the large one. Of course, this exploration can be refined further by separately investigating the Z dependence of these effects on the core and valence profiles. Additionally, this investigation can be extended to a larger number of atoms to obtain a larger set of data points. However, these calculations are beyond the scope of the present work and will be presented elsewhere.
IV. CONCLUSIONS AND FUTURE DIRECTIONS
In this paper, we presented an approach aimed at computing the relativistic Compton profiles of atoms within the DHF approximation, when the atomic orbitals are represented as linear combinations of kinetically balanced set of Gaussian functions. The approach was applied to compute the CPs of rare gas atoms ranging from He to Rn, and results were compared to the experimental profiles, and theoretical profiles of other authors, wherever such data was available. Additionally, the influence of size and type of basis set was examined by performing calculations on each atom with two basis sets: ͑i͒ a well-known smaller basis set and ͑ii͒ a large universal basis set proposed by Malli et al. ͓22͔ .
Upon comparing our results with the experiments, we found that for lighter atoms He, Ne, and Ar, the agreement was similar to what one obtains from the nonrelativistic HF calculations, indicating lack of any significant relativistic effects for these atoms. For Kr, we noticed that for smaller momentum transfer values, DHF results were in better agreement with the experiments, as compared to the HF results. For heavier atoms, Xe and Rn, unfortunately no experimental data is available. Yet another quantitative indicator of the importance of relativistic effects is the fine-structure splitting of the profiles, i.e., the difference in the profiles of np 1/2 / np 3/2 , etc., which will have identical profiles in nonrelativistic calculations. We found that this splitting becomes larger with the increasing atomic number of the atom, thus justifying a relativistic treatment of the problem for heavy atoms. Additionally, by comparing our results with the nonrelativistic HF results we found that the relativistic effects are most prominent in the region of small momentum transfer, while at large momentum transfer, their contribution is much smaller. . Orbital Compton profiles of Rn for 6s, 6p 3/2 , 6p 1/2 , and 5d 5/2 /5d 3/2 orbitals in the order of decreasing values at q = 0. For small q values, the differences between the 6p 3/2 and 6p 1/2 profiles are quite large. Even the splitting of 5d 5/2 and 5d 3/2 profiles is visible. These profiles were computed using the universal basis set ͓22͔. In the literature, we were able to locate prior theoretical calculation of relativistic CPs of atoms only from one group, namely the DHF calculations of Mendelsohn et al. ͓14͔ and Biggs et al. ͓15͔ , performed on Ar, Kr, Xe, and Rn, employing a finite-difference-based approach. The CPs computed by them ͓14,15͔ for these atoms were found to be in perfect agreement with our results computed using the universal basis set. This testifies to the correctness of our approach, and suggests that by using a large basis set it is possible to reach the accuracy of finite-difference approaches in relativistic calculations, not just on total energies ͓22͔ but also on expectation values.
Having investigated the influence of the relativistic effects, the next logical step will be to go beyond the meanfield DHF treatment and incorporate the influence of electron correlations on atomic CPs within a relativistic framework. Such a treatment can be within a relativistic CI framework ͓9͔, or can also be performed within a perturbation-theoretic formalism. Work along these lines is currently underway in our group and the results will be submitted for publication in the future.
APPENDIX A: A DERIVATION OF COMPTON PROFILE MATRIX ELEMENTS OVER KINETICALLY BALANCED GAUSSIAN BASIS SETS
During our discussion here we use the same notations for various quantities as adopted in Sec. II. Our aim here is to evaluate the closed form expressions for the following two integrals:
which, as explained in Sec. II, are needed to compute the orbital ͑and total͒ atomic CPs when the KBGF based numerical formalism is employed to solve the DHF equations. First, we will obtain expressions for g i L ͑p͒ and g i S ͑p͒, the radial Fourier transforms of the large and small component basis functions g i L ͑r͒ and g i S ͑r͒, respectively, defined as
where j l A ͑pr͒ / j l A ͑pr͒ refer to the spherical Bessel functions corresponding to the orbital angular momentum l A / l B of the large and/or small component. The spherical Bessel function is related to the Bessel function by the well-known relation
where J ͑x͒ is the Bessel function.
Derivation for the large component
First, we obtain and expression for g i L ͑p͒ by performing the integral involved in Eq. ͑A3͒. Substituting the expression for g i L ͑r͒ from Eq. ͑3͒ into Eq. ͑A3͒, we obtain
where in the last step, we have used Eq. ͑A5͒. Next, on using the relation n = l A + 1, and the definite integral ͓30͔
Eq. ͑A6͒ simplifies to
On substituting the above result in Eq. ͑A1͒, one obtains
/2 e −p 2 /4␣ ij dp, 
where ⌫͑l A +1,q t ͒ is the incomplete ⌫ function. Since l A is a non-negative integer, the incomplete ⌫ function can be easily computed using the series ͓30͔ As before, we seek a relation between n and l B , which is summarized in Table VII . Here, the two cases have to be dealt with separately since the relations are different for the two possibilities.
a. Case (i): =−"j +1/2…
From Table VII it is easy to see that for this case n = l B =−. The integral in Eq. ͑A11͒ becomes For this case, l B = n −2= − 1, which upon substitution in Eq. ͑A11͒ yields where ⌽͑a , b , z͒ is the confluent hypergeometric function in Eq. ͑A13͒, and after some simplifications obtain ⌽͑a,a,z͒ = e z , ͑A17͒
to obtain the following simple expression from Eq. ͑A15͒,
Comparing the results of the two cases ͑A12͒ and ͑A18͒, we find that they only differ by a sign, and hence when substituted in the expression for J ij S; ͑q͒ in Eq. ͑A2͒ yield the same result
͑4␣ i ␣ j ͒ n +1/2 e −p 2 /4␣ ij dp,
. The above integral can be evaluated in exactly the same way as was done before for the large component ͓cf. Eq. ͑A9͔͒, to yield the final expression for the Compton profile matrix element
where q t = q 2 4␣ ij and the incomplete ⌫ function is defined in Eq. ͑A10͒. Finally, the large and small components of the CP of an orbital can be computed in terms of these matrix elements as
It is these formulas derived here which have been numerically implemented in our computer program COMPTON ͓20͔ aimed at calculating relativistic atomic CPs. 
